We present results of molecular dynamics simulations of a model DPPC-water monolayer using charge equilibration (CHEQ) force fields, which explicitly account for electronic polarization in a classical treatment of intermolecular interactions. The surface pressure, determined as the difference between the monolayer and pure water surface tensions at 323 K, is predicted to be 22.92 ± 1.29 dyne/cm, just slightly below the broad range of experimental values reported for this system. The surface tension for the DPPC-water monolayer is predicted to be 42.35 ± 1.16 dyne/cm, in close agreement with the experimentally determined value of 40.9 dyne/cm.This surface tension is also consistent with the value obtained from DPPC monolayer simulations using state-of-the-art nonpolarizable force fields.The current results of simulations predict a monolayer-water potential difference relative to the pure water-air interface of 0.64 ± 0.02 Volts,an improved prediction compared to the fixed-charge CHARMM27 force field, yet still overestimating the experimental range of 0.3 to 0.45 Volts. As the charge equilibration model is a purely chargebased model for polarization, the current results suggest that explicitly modeled polarization effects can offer improvements in describing interfacial electrostatics in such systems.
Introduction
Membranes and membrane-bound proteins are a vital part of biological systems. Cellular lipid bilayer membranes, a complex milieu of biomacromolecular components, are fundamentally composed of a wide variety of amphiphilic molecules consisting of polar and hydrophobic regions. Cellular membranes have many important physiological roles apart from simply being a permeability barrier between the "inside" and "outside" of cells. Bilayer membranes are involved with cell-signaling mechanisms, supply complex environments to support a wide variety of proteins, and are capable of mechanical deformation in order to accommodate a variety of chemical functionalities within the special region between the cytosol and extracellular surroundings. [1, 2] Recent studies have explored structural properties of membranes as well as electrostatic properties such as the dielectric variation within a bilayer, [3] the interfacial potential, [4] and the interactions of polar or charged amino acid side chains with hydrocarbon tails. [5] Experimental studies have also probed these properties in recent years. For example, structural properties of bilayers have been determined by X-ray and neutron scattering [6, 7] and nuclear magnetic resonance (NMR) spectroscopy, [8] whereas the water penetration into the bilayer interior has been investigated via electron spin spectroscopy [9, 10] and X-ray scattering techniques. [11] However, even current state-of-the-art experimental measurements are not always able to provide the type of detailed atomic level resolution that would provide significant insights into the mechanisms of membrane systems. To this end, computational methods such as molecular dynamics and Monte Carlo simulations have been used to study properties and processes in such systems at the atomic level. [2, 5, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Molecular dynamics simulations require information about the atomic interactions within and between molecular species. Quantum mechanical calculations would give the most accurate results; unfortunately, such computations are very timeconsuming for all but the smallest systems. Because of this limitation, classical "force fields" have been developed, which consist of potential energy functions chosen to model interspecies and intraspecies interactions. In addition to models in which all atoms are modeled explicitly (i.e.,all-atom models),there has been significant effort towards "coarse-grained" models [24, 25] in which entire small molecules or functional groups are represented as a single unit. Development and applications of such models continues today. [26] [27] [28] [29] [30] [31] Implicit solvent and lipid models, [32] [33] [34] [35] which represent solvent or lipid as a continuum, are also a viable alternative to all-atom models for simulating large biomolecular systems. However, all-atom simulations remain the standard to which such coarse-grained and implicit models are compared; thus, the need for more accurate atomistic models is clear.
Despite the importance of lipidic systems (i.e., lipid bilayers, monolayers, vesicles, etc.) to a variety of physiological functions, polarizable force fields for molecular simulations of such systems are still in the testing and development stage. Among the numerous approaches currently being pursued, the charge
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equilibration (CHEQ) approach has been applied to molecular simulations of phosphatidylcholine (PC)-based lipid bilayers, [36, 37] as well as to the exploration of ion permeation energetics in the simple gramicidin A channel. [38] The CHARMM Drude oscillator model and the AMBER point-polarizable polarizable DOPC force field are the only other polarizable models to have been extensively applied for molecular simulations of lipid bilayer systems. [2, [39] [40] [41] A recent study using Drude oscillator models of the dipalmitoylphosphatidylcholine (DPPC) monolayer explored the surface dipole potential of the water-lipid monolayer system. [39] The authors demonstrated the improvement in the prediction of the relative interfacial potential, V = V monolayer−water − V water−air , over fixed-charge nonpolarizable force field representation. The authors suggest that, compared with the bilayer dipole potential, the monolayer potential is a less ambiguous measurement for comparing force field predictions to experiment. We note that measurements of the bilayer dipole potential, values of which can be found in the literature for a wide spectrum of lipids using a variety of techniques including ion conductance, [42] [43] [44] cryo-EM, [4] and AFM, [45] are based on a number of approximations and are not a direct measure of the individual contributions to interfacial electrostatic properties arising from the presence of a lipid assembly. Ion conductance measurements, for instance, measure the permeability of a membrane to two structurally similar, oppositely charged hydrophobic ions tetraphenylborate (TPB − ) and tetraphenylarsonium (TPA + ) or tetraphenylphosphonium (TPP + ). The conductance measurements operate on the assumption that these ions, having the same interaction energies with hydrating water molecules, will have identical free energies of transfer from water to any other medium and that a value for the membrane dipole potential can be calculated by extension. The validity of this assumption had been challenged using quantum mechanical calculations, which found variations in the hydration energies of TPB − , TPA + , and TPP + . [46] Although quantum mechanical calculations with various treatments of solvent effects do show differences between the hydration properties of both ions, it is difficult to assess the magnitude of the difference with purely quantum methods, which may or may not account for solvation effects. Schurhammer and coworkers have also explored the variation in hydration free energies for the TPB − /TPA + system using molecular dynamics simulations and free energy perturbation calculations. [47] The authors find that TPB − is more favorably hydrated than TPA + , and that the difference in hydration free energy between the two are strongly dependent on the specific charge distribution; the range of differences in hydration energies is from 4.3 to 25 kcal/mol. Moreover, recent studies investigating the effects of charge asymmetry on hydration free energies of model asymmetric polar molecules by Mobley et al. [48] demonstrate significant differences in hydration free energies of oppositely polarized molecules, with these differences approaching the order of 10 kcal/mol. The notion of asymmetric hydration of small spherical ions as well as larger hydrophobic ions has been pursued extensively in the literature, although there still appears to be no consensus on the decisive relevance of the tetraphenylarsonium tetraphenylborate (TATB) assumption to the absolute bilayer dipole potential. [49] [50] [51] [52] [53] [54] In this article, we explore several properties of a model monolayer-water interface of DPPC based on molecular dynamics simulations using a recent CHEQ force field for DPPC (and saturated PC lipids in general) [36, 37] and the TIP4P-FQ polarizable force field for water. [55] In"Charge Equilibrium Method"section, we discuss the models and current implementation."Simulation Protocol" section discusses the simulation protocols. Our results are presented in "Results and Discussion" section and include density profiles, deuterium order parameters, dielectric constant profiles, the dipole moment profile of water, surface tension and surface pressure calculations, and relative interfacial dipole potentials. We discuss several aspects of monolayer properties in comparison to previous lipid simulations as well as with experimental measurements.
Theoretical and Computational Methods

Charge equilibration method
The present simulations explicitly treat nonadditive electrostatic effects using fully polarizable, charge equilibration (CHEQ) force fields for the entire lipid-solvent system. In the following, we discuss the details of this formalism. Although applied here as a classical potential, [56] the CHEQ formalism derives rigorously from the density functional theory of atoms in molecules [57] based on Sanderson's idea of electronegativity equalization. [58, 59] Polarization is affected via the migration of charge density (condensed to a partial charge in the classical sense) among atomic species within a given molecule. The electronic density adjusts within the molecule so as to equalize the electrochemical potential (or equivalently, the electronegativity) at each point in the molecule. The direction and ease of flow are determined by physical properties of individual atoms as will be discussed. The reader is referred to the literature for more details. [55] [56] [57] [60] [61] [62] [63] [64] [65] [66] [67] The electrostatic energy of a system of M molecules containing N atoms per molecule is:
where χ denotes the atomic electronegativities and η denotes the atomic hardnesses.The former quantity gives rise to a directionality of electron flow, whereas the latter represents a resistance, or hardness, to electron flow to or from the atom. The second term in eq. (1) represents the local charge transfer interaction generally restricted to within a molecule (no intermolecular charge transfer) or some appropriate charge normalization unit.The third term is a standard Coulomb interaction between sites not involved in dihedral, angle, and bonded interactions with each other (the primed notation indicates a summation only over such sites).The last term is a Lagrange multiplier-based constraint on total charge on a given normalization unit; this constraint helps to restrict charge equilibration (and hence charge redistribution) over chemically relevant and distinct units. [68] We note that although the electronegativity and hardness follow exactly from the definitions of the electron affinity and ionization potential, they are considered here as empirical parameters to be determined as described below. Homogeneous hardness values (for each atom type) are parameterized as discussed in Patel and Brooks. [64] Heterogeneous elements (interaction elements between different atom types) are derived from the individual atom type values based on the combining rule: [63] 
where R ij is the separation between atoms (or more generally sites) i and j. This local screened Coulomb potential has the correct limiting behavior as 1/r for separations greater than about 2.5 Å.This interaction is computed for 1-2, 1-3, and 1-4 sites (sites included in bonds, angles, and dihedrals). Sites in a molecule separated by five or more sites interact via a Coulomb interaction; in the case of interacting molecules, the interaction between sites on different molecules is again of the Coulomb form. The charge equilibration model is indeed a polarizable model as the molecular polarizability, α, can be derived as follows:
whereη denotes the molecular hardness matrix, andR T β and R γ are the β and γ Cartesian components of the atomic position vector, respectively. A more detailed derivation can be found elsewhere. [68] The hardness matrix can be augmented to enforce charge constraints within a molecule [68] for explicit calculations of the polarizability. In addition, the CHEQ model, being an all-atom representation with partial charges assigned to all atomic species, contains all higher-order electrostatic multipole moments, in contrast to point dipole polarizable models [69] [70] [71] and Drude oscillator models. [72] [73] [74] As such, the CHEQ model incorporates higher order electrostatic interactions explicitly.
The charge degrees of freedom are propagated via an extended Lagrangian formulation that imposes a molecular charge neutrality constraint,thus strictly enforcing electronegativity equalization at each dynamics step.The system Lagrangian is
where the first two terms represent the nuclear and charge kinetic energies, respectively, whereas the third term is the total potential energy, and the fourth term is the molecular charge neutrality constraint with λ i the Lagrange multiplier for each molecule, i. The fictitious charge dynamics, analogous to the fictitious wavefunction dynamics in Car-Parrinello (CP) type methods, [75] are determined with a fictitious charge "mass" (adiabaticity parameter in CP dynamics). The units for this mass are energy·time 2 charge 2 . The charges are propagated based on forces arising from the difference between the average electronegativity of the molecule and the instantaneous electronegativity at an atomic site.
We comment here that the polarizable TIP4P-FQ water model [55] is used to model solvent-solvent and solvent-solute interactions. The TIP4P-FQ water model is a four-site model, based on the original TIP4P water model of Jorgensen et al. [76] The charges reside on the hydrogen atoms and a virtual site situated along the perpendicular bisector of the HOH angle 0.15 Å from the oxygen atom. The model has been characterized in previous studies, and the reader is referred to the relevant literature for further details. [55, 77] 
Simulation protocol
Simulations were carried out utilizing CHEQ formalism in the constant volume and temperature (NVT) ensemble under three-dimensional (3D) periodic boundary conditions using the CHARMM package. [78] The DPPC monolayer-water system contained two leaflets of 36 DPPC molecules and a central layer of 2895 TIP4P-FQ water molecules for a total of 20940 atoms. Recent studies have suggested relatively little finite size effects for simulations of 36 or more lipids per leaflet. [79, 80] A representative snapshot of the system is shown in Figure 1 . A system size of 48.075 × 48.075 × 150.00 Å 3 is based on a surface area per lipid of 64.2 Å 2 from data fit to experimental measurements. [82] The extended z box dimension results in a separation of the two DPPC monolayers by a vacuum region ∼60 Å wide. Dynamics were propagated using a Leapfrog Verlet integrator [83] with a time step of 0.5 fs. The temperature of the system was held at 323 K using the Nosé-Hoover method [83, 84] with a thermal piston mass of 3000 kcal/mol · ps 2 ; thus, our simulations are performed above the experimental gel-phase transition temperature for pure DPPC membranes (314 K). [85] Long-range electrostatic interactions were accounted for by Particle mesh Ewald (PME) summation [86, 87] with a 48 × 48 × 100 Å 3 Fast Fourier transform (FFT) grid, fourth-order interpolation, and screening parameter κ = 0.320. Several replicate simulations of varying lengths were run for a total simulation time of ≈ 140 ns. Constant surface area ensembles have been shown to be equivalent to other ensembles provided that well equilibrated systems are used as starting configurations. [79] We believe that there are no artificial effects due to the chosen ensemble based on the equilibrated states we achieve after long-time simulations.
Results and Discussion
Atomic and electron density profiles
To characterize the equilibrium structure of the monolayer system, we have calculated the number density profiles for various species as a function of distance from the center of the water layer along the monolayer normal (z-axis). Figure 2 shows the number densities for the oxygen atoms of water and several components of the lipid (head group nitrogen and phosphorus atoms, ester carbonyl oxygens atoms, and tail group carbons).The monolayer system shows a stable structure comparable with previous studies performed using the CHEQ model on DPPC and DMPC Coordinate snapshot of the monolayer-water system, generated using Visual Molecular Dynamics, [81] with the z-axis normal to the surface of the monolayers. Oxygens are shown in red, hydrogens in white, carbons in light blue, nitrogens in dark blue, and phosphorus in yellow. bilayers [36, 37] as well as with phosphatidylcholine lipid studies utilizing other models. [88] [89] [90] A feature of interest is the extent of water penetration into the monolayer. As water begins to encounter the polar head groups of the lipid, the density decreases in magnitude compared with that of the bulk and remains fairly constant throughout the lipid head groups. For nonpolarizable models, the ester carbonyl region is often seen as a barrier past which very little water, if any, will permeate. The treatment of polarizability via the CHEQ force field allows for water to penetrate further into the low dielectric environment of the lipid. This result has been discussed previously in relation to potential mean force calculations of water permeation across a lipid bilayer. [36, 37] The CHEQ alkanes force field, which had been extended for use with the hydrocarbon tail groups of lipids, results in free energies of hydration that are too favorable when compared with experimental energies. A recent study found that altering the specific LennardJones interactions between the alkane carbon and water oxygen atoms reduced the hydration free energies of alkanes to values in better agreement with experiment. [91] Ongoing efforts in our laboratory investigate the effects of the revised alkanes force field on hydrated lipid membrane systems with respect to water permeation energetics. [92] For the current study, we used the original CHEQ lipid force field. On the basis of our previous study of DMPC bilayers using revised CHEQ models, we do not anticipate significant differences in the monolayer structure. However, we would expect a reduced permeation of water into the lipid tail region.
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We also note that water density exhibits a plateau region in the neighborhood of the phosphate and ester groups. To investigate this feature we calculated the free volume profile as a function of distance along the monolayer normal. The free volume profile serves to quantify the space available to water molecules as they encounter the atoms of the lipid monolayer.This was calculated, as described by Marrink et al., [93] by mapping the simulation system onto a 3D grid. All grid points falling within the van der Waals radii of lipid atoms are considered occupied volume while the remaining grid points are considered free volume. The fraction of free volume in the system is simply the ratio of unoccupied grid points to the total number of grid points and can be expressed as a function of distance by dividing the system into intervals ( z) along the z-axis. Because of the high computational cost of the analysis, only the last 5 ns of each replicate simulation trajectory were considered at a grid spacing of 400 × 400 × 1200, resulting in an interval size of approximately 0.125 Å along the z-axis. The results of the analysis are shown in Figure 3 and show a region of fairly constant free volume in the area of the water density plateau. The stability of water molecules in this region is also predicted by independent potential of mean force calculations that show a plateau in the region of these polar lipid groups (data not shown).
Electron density profiles were calculated by summation of the component densities, scaling each constituent atom type by the appropriate number of electrons, and are shown in Figure 4 . These profiles are similar to results previously obtained for DPPC bilayers [37] in both shape and magnitude to profiles fit to experimental data, [82] although some differences are evident. Most [82] notably,the CHEQ model overestimates the monolayer phosphate component with respect to the experimental bilayer profile while the carbonyl/glycerol (CG) component is underestimated. Thus, the peak density around 19 Å is slightly higher than that of the experimentally fit data. We emphasize that the comparison with the bilayer properties provided here is simply for reference; we do not suggest that monolayer and bilayer structural properties are necessarily identical under these conditions. Throughout the remainder of the discussion, we will draw attention to similarities and differences between our results on monolayers and past experimental and simulation results on monolayers (if available) or bilayers.This is done in the spirit of previous studies of monolayer systems. [94] [95] [96] [97] Lipid orientation and ordering
The orientation of the lipid monolayer head groups can be characterized by calculating the angle between the dipole vector connecting the phosphorus and nitrogen atoms, − → PN, and the monolayer normal. Because of the geometry of the monolayer system, care must be taken in defining the orientation of − → PN with respect to the appropriate reference axis. For lipids of the left leaflet (see Fig. 1 for reference), where z < 0, the angle of interest is between the − → PN and the positive z-axis. For right leaflet lipids, where z > 0, the angle is between − → PN and the negative z-axis.The distribution is shown in Figure 5 . The CHEQ model predicts the average head group to be oriented about 79.5
• with respect to the monolayer normal, nearly parallel to the plane of the monolayer surface. This is comparable with previous results for the head group orientation of DPPC bilayers in which angles of 80 − 90
• with respect to the bilayer normal are observed, [37, 88, 98, 99] as well as with studies of DPPC monolayers at the water-air interface. [94] [95] [96] [97] Recent arguments indicate that the orientation of the − → PN dipole has direct implications regarding hydration of the water-lipid interface such that a straightening of the head group orientation (angles decreasing from 90
• toward 0
• with respect to the membrane normal) allows more water to penetrate into the membrane-water interface. We conduct a similar analysis, with analogous geometric considerations, for the orientation of the carbonyl group of the lipid by calculating the angle between the vector formed by the C O bonds and the monolayer normal, with results shown in Figure 6 . The sn-1 carbonyl groups assume an average orientation of 64.2
• relative to the monolayer normal while the sn-2 carbonyl groups orient around an angle of 76.5
• relative to the monolayer normal.
The CHEQ model's prediction for the sn-1 carbonyl are comparable to an FTIR study regarding the orientation of carbonyl groups in DPPC multilayers, which reported average orientation angles of 62±2
• and 66±2
• for the sn-1 and sn-2 carbonyls,respectively. [100] Although the current model predicts a slightly higher angle for the sn-2 chain, the model follows the trend in relative values in sn-1 and sn-2 carbonyl groups observed for multilayers. We reiterate that there is no suggestion that there properties for monolayers and multilayers should be similar, but just an observation of the current analysis. The structural order of the lipid tail groups can be evaluated by calculation of the deuterium order parameter, S CD as a function of carbon position along the aliphatic tail. S CD is directly related to the S zz component of the NMR quadrupolar splitting tensor and provides a measure of the order/disorder of alkyl chains in simulated lipid systems. [23] We calculate S CD as
where θ is the angle between a C H bond vector and the monolayer normal and
is the second Legendre polynomial. The calculation of the deuterium order parameters yields values between the extremes of −0.5 ( − → CH aligned with the water-monolayer interface) and 1 ( − → CH aligned with the z axis). Results for the calculation of the order parameters for both the sn-1 and sn-2 chains are shown in Figure 7 as well as the experimentally determined order parameters for the sn-2 chain of a DPPC bilayer. [66] The C2 carbon has stereoscopically Figure 7 . Magnitude of the deuterium order parameters for sn-1 and sn-2 tail groups as a function of position along the hydrocarbon chain.The experimental order parameters for the sn-2 tail group are shown for comparison. [66] The stereoscopically different carbons at carbon number 2 are shown with the 2S value denoted as an x.
different hydrogens (2R and 2S) between which the CHEQ model is unable to distinguish. Although the CHEQ model does well in predicting the experimental trend of decreasing order further along the hydrocarbon chain, [8, 66, 101, 102] it overestimates the order of the carbon chain approaching the ester region (C2 C4) and tends to underestimate the order along the chain (C5 C25). These results are comparable to those found for DPPC bilayers using CHEQ force field. [37] 
Dielectric permittivity and water dipole moment variation
We consider the z-dependent dielectric permittivity profiles for components parallel to the monolayer surface using the approach developed by Stern and Feller. [3] We compute the dielectric profiles for conductive (tin-foil) boundaries using eqs. (71) and (26) in Ref. [3] :
where P (z) is the local polarization density, M is the total dipole moment parallel to the monolayer surface (xy-plane), and a (z) represents an explicit polarization contribution. With the CHEQ model, a (z) is self-consistently included in the first term of eq. (8) . P (z) is calculated using a bond-charge approach similar to that of Stern and Feller [3] in which the charge on an atom is determined from as set of bond-charge increments. A more complete derivation can be found in Ref. [36] . Figure 8 shows the z-dependent parallel component of the dielectric constant as a function of distance from the center of the water layer along the monolayer normal. The dielectric constant of bulk TIP4P-FQ water (near the center of the water layer) is 71.9 ± 1.2, very close to the experimental dielectric constant for pure water at ∼1 atm and 320 K (70.93). [103] On entering the monolayer, the dielectric of water decreases monotonically until reaching a shoulder near the polar head groups of the lipid, similar to what is observed for the number density ( Fig. 2 ) and free volume (Fig. 3) profiles, and further attenuates towards its gasphase value on entering the ester and aliphatic tail region. The head group region of the monolayer exhibits large dielectric values (up to around 1050) whereas in the hydrocarbon tail region the average value is about 1.3. The large dielectric found in the head groups has been attributed to the large dipole magnitudes (19-25 Debye) in this region. [3] These results are comparable with studies performed on DPPC and DMPC bilayers using the CHEQ formalism. [36, 37] We note that the exact values for these properties are not directly experimentally accessible, and as such, predicted values are expected to demonstrate a significant spread in values.
A characteristic of polarizable force fields is that they allow for charges to respond to variations in the local electrostatic environment. It follows that the average molecular dipole moment of water varies from the bulk phase into the lipid monolayer. Figure 9 shows the molecular dipole moment distributions found by averaging the dipole moment of water found in slabs 0.05 Å along the monolayer normal. In the center of the water layer, the dipole moment reaches a value of 2.55 D, within the range of 2.5 to 3.0 D given by empirical and ab initio estimates of dipole moment of water in the condensed-phase. [104] [105] [106] [107] The bulk value is slightly lower than the frequently cited value for TIP4P-FQ of 2.62 D, which is expected since the current simulations are performed at 323 K as opposed to 298 K for the literature work. [105, [108] [109] [110] [111] Water's dipole moment monotonically decreases as it moves through the lipid and, on entering the aliphatic tail region, the dipole moment approaches the gas-phase value of 1.85 D. [103] Unlike the Drude oscillator-based SWM4-NDP, the TIP4P-FQ water model accommodates a larger variability in dipole moment. A study by Harder et al. [39] using Drude polarizable models predicts that the average molecular dipole moment for water is reduced about 0.55 D within the lipid monolayer relative to bulk water. This is slightly lower than the difference of 0.7 D for TIP4P-FQ water (bulk water dipole moment of 2.55 D). 
Surface tension and pressure
The total surface tension of the lipid monolayer-water system is related to the anisotropy of the pressure tensor within an interfacial region by the relationship:
where L z is the length of the simulation cell, P zz is the component of the pressure tensor normal to the monolayer surface, and P xx and P yy are the components tangential to the surface. Accounting for the two interfaces in the present simulation, we can define surface tension for a single monolayer at the interface as
The pressure tensor was monitored continuously for multiple replicate monolayer systems until surface tensions were considered to be sufficiently stable.The resulting average for the surface tension of the DPPC monolayer systems is 42.35 ± 1.16 dyne/cm, consistent with the experimental value of 40.9 dyne/cm [112] and with the value of 43.9 ± 0.8 obtained using state-of-art nonpolarizable force field simulations. [113] To calculate the surface pressure of the monolayer system, we follow a method analogous to that of Mohammad-Aghaie et al.: [95] = γ w − γ m ,
where γ w is the surface tension of pure TIP4P-FQ water at 323 K. The value for γ w was calculated as the average from three replicate molecular dynamics simulations of systems of 1024 TIP4P-FQ water molecules at the water-air interface simulated using CHARMM package [78] for a total of 9 ns. We obtain an average surface tension of 65.27 ± 0.57 dyne/cm, underestimating the
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experimental value for the surface tension of pure water at 323 K of 67.94 dyne/cm. [103] From the values reported for γ m and γ w , we find a surface pressure of 22.92 ± 1.29 dyne/cm. This value is slightly lower than those reported from captive bubble experiments performed by Crane et al. [114] in which expansion isobars for phospholipid monolayers at varying temperatures and area per lipid values are reported (see Fig. 3A in Ref. [114] ) and yield a surface pressure range of 25-30 dyne/cm for a DPPC monolayer at 323 K with an area per lipid of 64.2 Å 2 ; the measurements by Crane and coworkers are considered to be among the more reliable in terms of minimization of experimental artifacts such as leakage, pH, impurities, compression rate, and ionic strength. [79, 95, 115] There appears to be a wide dispersion of experimental surface pressure values based on protocol and conditions. [79] This makes an absolute comparison to experiment difficult, but we see that our predicted values are of comparable order of magnitude with available experimental data.
Monolayer dipole potential
Within the interior of a lipid membrane exists a positive potential, which has ramifications on the penetration and permeability of ionic hydrophobes into and through the membrane. This potential is referred to as the membrane dipole potential and may also have implications regarding the association of proteins with a membrane surface as well as the penetration, structure, and function of transmembrane proteins. To determine the nature of the membrane dipole potential, we compare the surface potential of the monolayer-water interface (V monolayer-water ) with that of a water-air interface (V water-air ). The surface potential of a system can be calculated through double integration of charge density as a function of distance from the center of the water layer along the monolayer normal: [116] 
Here, 0 is the permittivity of vacuum and ρ(z) is the charge density achieved by segmenting the system into slices of width dz and summing the charges within each slice. This effectively solves the Poisson equation assuming in-plane isotropy at a particular depth into the monolayer.For both of the interfacial systems,the vacuum regions are referenced to a potential of 0 V and integration in eq. (12) is taken from the vacuum region (∞) to a point at the center of the bulk water layer. To characterize the total membrane surface potential, the charge densities of individual molecular species were twice integrated to yield constituent contributions to the electrostatic potential. Independently, the surface potentials of these systems do not provide experimentally meaningful quantities but comparing the difference between the two,
yields the shift in the surface potential upon addition of a lipid monolayer onto the water-air interface. The monolayer dipole potential calculated in this way is an explicit property of the system and should provide insight into the electrostatic properties of Figure 10 . Interfacial potential profiles of the total system and of selected components as a function of distance along the monolayer normal.The potential in the vacuum region is referenced to a value of 0 V.
lipid membranes. The results of this analysis for the total and constituent contributions to the surface potential of the monolayer system are shown in Figure 10 . To calculate the surface potential of the water-air interface three replicate interface systems of 1024 waters using the TIP4P-FQ potential were simulated, starting from pre-equilibrated structures, in the NVT ensemble with a cell size of 24 × 24 × 100 Å 3 at 323 K implemented through the CHARMM package [78] for a total simulation time of 14 ns. Surface potential calculations performed on the replicate water-air interface systems yield an average V water-air = 0.54 ± 0.01 V.
The values of the total and component potentials shown in Figure 10 , as well as those for the water-air interface, are given in Table 1 [39] as well as their results using the nonpolarizable CHARMM27 force field and the TIP3P water model. To investigate the effects of the variation of the water model on the potential calculation, the partial charges of the TIP4P-FQ water model used with the CHEQ force field were substituted with the those of the nonpolarizable TIP3P water model in both the monolayer-water and water-air systems. The results of this analysis are also included in Table 1 . Table 1 . Component and total interfacial potential values (in Volts) of monolayer-water and water-air systems, including results reported for nonpolarizable (CHARMM27), polarizable Drude oscillator, and polarizable CHEQ force field.
Drude [39] CHARMM27 [39] CHEQ CHEQ/TIP3P Results obtained using the CHEQ force field with TIP3P charge substitution are also shown.
148
Journal of Computational Chemistry Molecular Dynamics Simulation of Hydrated DPPC Monolayers
Experimentally determined surface potential changes for PC lipids at the argon-water interface range from 0.30 to 0.45 V. [117] A graphical representation of the experimental range is presented in the Supporting Information. In Figure 10 , it is shown that, using the CHEQ model, the resulting monolayer dipole is 0.64 ± 0.02 V, offering an improvement to the value of 0.8 V reported for the nonpolarizable CHARMM27 force field [39] although still overestimating this property relative to experiment. It is encouraging that the addition of explicit electronic polarization within a partial atomic charge formalism moves the prediction of monolayer potential closer to experiment relative to the fixed-charge force field. When the partial charges of TIP4P-FQ water are substituted with those of TIP3P,the membrane potential decreases to a value of 0.35±0.02 V, matching the value reported for the Drude oscillator model and in close agreement with the experimental range. The change in the value of the dipole potential difference resulting from the artificial modification of water model charges at most suggests that the nature of the charge distributions and polarizability of the water model may be a first-order perturbation to consider when refining the combination of lipid and solvent force fields for molecular simulations of these types of biological systems (as will be discussed below).
We define the dipolar contribution to the potential as
where the dipole moment density µ z (z) is defined as (15) and in which the indices m and i refer to a molecule and an atomic site within that molecule, respectively. The coordinate z im is taken to be an arbitrary, molecule-specific center, chosen to be the oxygen atom in the case of water. Similarly, the quadrupolar contribution to the potential is defined as
where the reference value Q 0 zz is taken to be 0 and the quadrupole moment density (Q zz (z)) can be expressed as Figure 11 presents the decomposed water potentials and shows that the quadrupolar contribution changes little on addition of the lipid onto water-air interface and does not contribute substantially to the overall potential shift.This is a direct consequence of the density dependence of the quadrupole potential. [118] The contribution from the water molecular quadrupole moment will essentially vanish when considering the monolayer dipole potential difference which is measured experimentally. Thus, the nature of the quadrupole moment of the force field model is not as critical in assessing the monolayer dipole potential difference.This makes the monolayer dipole potential difference a more robust metric of the quality of the force field in the context of measuring the interfacial electrostatics in such systems. However, for pure bilayer systems, the contribution from the quadrupole term cannot be ignored and may give rise to the spread in force field based values of the dipole potential.The dipolar contribution,however,changes sign and magnitude upon spreading of the lipid, leading to a net positive contribution of ≈0.8 V to the surface potential shift.
We conclude this section by commenting on the possible implications of the differences in the nature of the polarizable water model used in conjunction with the polarizable lipid membrane model. Harder et al. [39] use the Drude water model, and comparing the water density and water dipole moment profiles of the Drude model versus the TIP4P-FQ water model used in this study, we observe some differences. Furthermore, the average orientation of the two water models is different, and because the water contribution to the surface dipole potential is directly related to average water orientation,one can inquire about the effects of this difference on the overall monolayer potential and the resulting difference in the V values computed as in this study. We address these questions qualitatively next. The Drude water model has a lower polarizability than the TIP4P-FQ model used in this study (0.978 Å 3 versus 1.12 Å 3 ). [55, 119] Furthermore, in the Drude bilayer system, the magnitude of variation of the average water molecular dipole moment along the monolayer normal is less than for the TIP4P-FQ. In order to consider the effects of the influence of the dipole moment variation on the dipole potential the average dipole moment of water is fit to an error function of the form: [39] lipid membrane systems and a water-air = 2.21; b water-air = 0.35; c water-air = 29.0967; d water-air = 4.589 for the water-air interfacial systems. The magnitude of the dipole moment variation from bulk water to low density water is the same in both systems and only the position and rate of change differs. We can modulate the magnitude of the dipole moment variation in each system by an empirical adjustment of the a and b parameters (assuming constant c and d):
Thus, we can effectively consider the impact of changing the dipole magnitude on the dipole potential by the application of a scaling function (20) to the dipole density [defined in eq. (15)]. The scaled dipole moment density, µ z (z) = g(z) · µ z (z), can then be integrated as in eq. (14) to give the respective water dipole contribution. In Table 2 [39] we also consider dipole variation from 2.05-2.45 D at the monolayer-water interface and 1.95-2.45 D at the water-air interface. From this, we see a 0.051 V reduction in V , in closer agreement with the experimental range.
The water contribution to the dipole potential is not only affected by the magnitude of water dipole moment but it is also influenced by the preferential orientation of water at the interface. We measure the orientation of water as cos θ , where θ is the angle formed between the permanent dipole vector of water and the z-axis; results are shown in Figure 12 (top) . Values of cos θ = ±1 indicate the average water dipole is perfectly aligned with the ±z-axis (normal to the interface), whereas cos θ = 0 denotes orientations that do not contribute to the Figure 12 . Orientation of water at the monolayer-water and water-air interfaces.The average orientation of water (top) and the average orientation scaled by the z-dependent density relative to bulk density of water (bottom). Dotted horizontal line denoting cos θ = 0 is included as a visual guide. dipole potential (isotropic orientations and alignment parallel to the interface). Approaching the monolayer from bulk water, water molecules preferentially align in the positive z direction. Beyond z < 19 Å (approximately the peak position of the lipid head group phosphorus density), the orientation of water is reversed with a strong alignment in the negative z direction. Although water density is strongly aligned in the negative z-direction throughout 20 Å < z < 40 Å, there are fewer water molecules in this portion than in the region approaching the head groups from bulk water. We can consider how water orientation contributes to the surface potential by scaling the orientation by the density of water, ρ(z)/ρ bulk . Scaled orientation profiles [ Fig. 12 (bottom) ] demonstrate reduced magnitudes in the peak and minimum in the monolayer-water profile. The minimum in the monolayerwater profile is a feature not seen in the similar study using Drude polarizable models. We can remove the influence of this minimum from this profile by an effective scaling (we use a sharply decreasing error function from 1 to 0 to keep the peak in the orientation profile, while scaling the minimum to zero). When we remove the effect of the orientational minimum from the dipole density profile, the resulting water dipole contribution is 0.933 V at the lipid-air interface (considering the Drude dipole scaling), ≈ 0.7 V higher than the original. We comment that the water contribution to the dipole potential is a complex combination of water atomic partial charge variation across the interface and water orientation. In our simplistic analysis, the water orientation appears to be the significant contributor to the dipole potential, with the details of the charge distribution contributing second order effects. Of course, the response of the lipid electrostatics has not been considered in this analysis, and this must be considered for a proper accounting of all simultaneous effects.
Conclusions
We have presented results of the predictions of several properties of a DPPC-water monolayer using novel CHEQ force fields in conjunction with molecular dynamics simulations. The current study further explores the application of nonadditive electrostatic models for representing the interaction between atomic species in lipidic systems. To date, this is the second study to consider the monolayer-water properties of DPPC using fully polarizable water and lipid force fields. The CHEQ force fields used here explicitly treat electronic polarization in a classical treatment of intermolecular interactions. Structural properties of the lipid monolayer are comparable with experiment and earlier simulation studies of lipid membrane systems of equivalent size. For the polarizable force field, we note enhanced penetration of water molecules into the lipid monolayer, in agreement with the behavior observed for polarizable water in DMPC and DPPC bilayers. We find that the water dipole moment monotonically decreases from a bulk value of 2.55 D (at 323 K) to the gas-phase value in the aliphatic tail region of the monolayer.
The surface pressure, determined as the difference between the monolayer and pure water surface tensions at 323 K, is predicted to be 22.92 ± 1.29 dyne/cm, just slightly below the broad range of experimental values reported for this system. The surface tension for the DPPC-water monolayer is predicted to be 42.35 ± 1.16 dyne/cm. This value agrees with experimental results [112] as well as with DPPC monolayer simulations using state-of-the-art nonpolarizable force fields. [113] The current results of simulations predict a monolayer-water potential difference relative to the pure water-air interface of 0.64 ± 0.02 V, an improved prediction compared with the fixed-charge CHARMM27 force field, and overestimating the experimental range of 0.30 to 0.45 V. As the CHEQ model is a charge-based model for polarization, the current results suggest that explicitly modeled polarization effects can offer improvements in describing interfacial electrostatics in such systems. Further development of CHARMM charge equilibration force field is ongoing and continues to correct the existing deficiencies in the spirit of force field development. [1] 
